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Chapter 10
Post-processing Differential GPS
Observational Data

10-1. General

GPS baseline solutions are usually generated through an
iterative process. From approximate values of the posi-
tions occupied and observation data, theoretical values for
the observation period are developed. Observed values
are compared to computed values, and an improved set of
positions occupied is obtained using least squares mini-
mization procedures and equations modeling potential
error sources.

a. Processing time is dependent on the accuracy
required, software development, computer hardware used,
data quality, and amount of data. In general, high accu-
racy solutions, crude computer software and hardware,
low-quality data, and high volumes of data will cause
longer processing times.

b. The ability to determine positions using GPS is
dependent on the effectiveness of the user to determine
the range or distance of the satellite from the receiver
located on the earth. There are two general techniques
currently operational to determine this range: pseudo-
ranging and carrier beat phase measurement. These tech-
niques are discussed in further detail below.

c. The user must take special care when attempting
a baseline formulation with observations from different
GPS receiver manufacturers. It is important to ensure
that observables being used for the formulation of the
baseline are of a common format (i.e., RINEX). The
common data exchange formats required for a baseline
formulation exist only between receivers produced by the
same manufacturer, but there are some exceptions.

d. This chapter will discuss general post-processing
issues. Due to the increasing number and variety of soft-
ware packages available, consult the manufacturer guide-
lines when appropriate.

10-2. Pseudo-Ranging

The pseudo-range observable is calculated from observa-
tions recorded during a GPS survey. The pseudo-range
observable is the difference between the time of signal
transmission from the satellite, measured in the satellite
time scale, and the time of signal arrival at the receiver

antenna, measured in the receiver time scale. When the
differences between the satellite and the receiver clocks
are reconciled and applied to the pseudo-range observa-
bles, the resulting values are corrected pseudo-range val-
ues. The value found by multiplying this time difference
by the speed of light is an approximation of the true range
between the satellite and the receiver, or a true pseudo-
range. A more exact approximation of true range
between the satellite and receiver can be determined if
ionosphere and troposphere delays, ephemeris errors,
measurement noise, and unmodeled influences are taken
into account while pseudo-ranging calculations are per-
formed. The pseudo-range can be obtained from either
the C/A-code or the more precise P-code (if access is
available).

10-3. Carrier Beat Phase Observables

The carrier beat phase observable is the phase of the sig-
nal remaining after the internal oscillated frequency gen-
erated in the receiver is differenced from the incoming
carrier signal of the satellite. The carrier beat phase
observable can be calculated from the incoming signal or
from observations recorded during a GPS survey. By
differencing the signal over a period or epoch of time,
one can count the number of wavelengths that cycle
through the receiver during any given specific duration of
time. The unknown cycle count passing through the
receiver over a specific duration of time is known as the
cycle ambiguity. There is one cycle ambiguity value per
satellite/receiver pair as long as the receiver maintains
continuous phase lock during the observation period. The
value found by measuring the number of cycles going
through a receiver during a specific time, when given the
definition of the transmitted signal in terms of cycles per
second, can be used to develop a time measurement for
transmission of the signal. Once again, the time of trans-
mission of the signal can be multiplied by the speed of
light to yield an approximation of the range between the
satellite and receiver. The biases for carrier beat phase
measurement are the same as for pseudo-ranges although
a higher accuracy can be obtained using the carrier. A
more exact range between the satellite and receiver can be
formulated when the biases are taken into account during
derivation of the approximate range between the satellite
and receiver.

10-4. Baseline Solution by Linear Combination

The accuracy achievable by pseudo-ranging and carrier
beat phase measurement in both absolute and relative
positioning surveys can be improved through processing
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that incorporates differencing of the mathematical models
of the observables. Processing by differencing takes
advantage of correlation of error (e.g., GPS signal, satel-
lite ephemeris, receiver clock, and atmospheric propaga-
tion errors) between receivers, satellites, and epochs, or
combinations thereof, in order to improve GPS process-
ing. Through differencing, the effects of the errors that
are common to the observations being processed are elim-
inated or at least greatly reduced. Basically, there are
three broad processing techniques that incorporate differ-
encing: single differencing, double differencing, and
triple differencing. Differenced solutions generally pro-
ceed in the following order: differencing between
receivers takes place first, between satellites second, and
between epochs third.

a. Single differencing. There are three general
single differencing processing techniques: between
receivers, between satellites, and between epochs (see
Figure 10-1).

Figure 10-1. Single differencing

(1) Between receivers. Single differencing the math-
ematical models for a pseudo-range (P- or C/A-code) or
carrier phase observable measurements between receivers
will eliminate or greatly reduce satellite clock errors and a
large amount of satellite orbit and atmospheric delays.

(2) Between satellites. Single differencing the mathe-
matical models for pseudo-range or carrier phase obser-
vable measurements between satellites eliminates receiver
clock errors. Single differencing between satellites can be
done at each individual receiver during observations as a
precursor to double differencing and in order to eliminate
receiver clock errors.

(3) Between epochs. Single differencing the mathe-
matical models between epochs takes advantage of the
Doppler shift or apparent change in the frequency of the
satellite signal by the relative motion of the transmitter
and receiver. Single differencing between epochs is gen-
erally done in an effort to eliminate cycle ambiguities.

There are three forms of single differencing techniques
between epochs currently in use today: Intermittently
Integrated Doppler (IID), Consecutive Doppler Counts
(CDC), and Continuously Integrated Doppler (CID). IID
uses a technique whereby Doppler count is recorded for a
small portion of the observation period, the Doppler count
is reset to zero, and then at a later time the Doppler count
is restarted during the observation period. CDC uses a
technique whereby Doppler count is recorded for a small
portion of the observation period, reset to zero, and then
restarted immediately and continued throughout the obser-
vation period.

b. Double differencing. Double differencing is actu-
ally a differencing of two single differences (as detailed in
a above). There are two general double differencing pro-
cessing techniques: receiver-time double and receiver-
satellite (see Figure 10-2). Double difference processing
techniques eliminate clock errors.

Figure 10-2. Double differencing

(1) Receiver-time double differencing. This tech-
nique uses a change from one epoch to the next, in the
between-receiver single differences for the same satellite.
Using this technique eliminates satellite-dependent integer
cycle ambiguities and simplifies editing of cycle slips.

(2) Receiver-satellite double differencing. There are
two different techniques that can be used to compute a
receiver-satellite double difference. One technique
involves using two between-receiver single differences.
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This technique also uses a pair of receivers, recording
different satellite observations during a survey session and
then differencing the observations between two satellites.
The second technique involves using two between-satellite
single differences. This technique also uses a pair of
satellites, but different receivers, and then differences the
satellite observations between the two receivers.

c. Triple differencing. There is only one triple dif-
ferencing processing technique: receiver-satellite-time (see
Figure 10-3). All errors eliminated during single- and
double-differencing processing are also eliminated during
triple differencing. When used in conjunction with carrier
beat phase measurements, triple differencing eliminates
initial cycle ambiguity. During triple differencing, the
data are also automatically edited by the software to
delete any data that cannot be solved , so that the unre-
solved data are ignored during the triple difference solu-
tion. This feature is advantageous to the user because of
the reduction in the editing of data required; however,
degradation of the solution may occur if too much of the
data are eliminated during triple differencing.

Figure 10-3. Triple differencing

10-5. Baseline Solution by Cycle Ambiguity
Recovery

The resultant solution (baseline vector) produced from
carrier beat phase observations when differencing resolves
cycle ambiguity is called a “fixed” solution. The exact
cycle ambiguity does not need to be known to produce a
solution; if a range of cycle ambiguities is known, then a
“float” solution can be formulated from the range of cycle

ambiguities. It is desirable to formulate a fixed solution.
However, when the cycle ambiguities cannot be resolved,
which occurs when a baseline is between 20 and 65 km in
length, a float solution may actually be the best solution.
The fixed solution may be unable to determine the correct
set of integers (i.e., “fix the integers”) required for a solu-
tion. Double-differenced fixed techniques can generally
be effectively used for positional solutions over short
baselines less than 20 km in length. Double differenced
float techniques normally can be effectively used for
positional solutions for medium-length lines between 20
and 65 km in length.

10-6. Field/Office Data Processing and
Verification

a. It is strongly recommended that baselines should
be processed daily in the field. This allows the user to
identify any problems that may exist. Once baselines are
processed, the field surveyor should review each baseline
output file. The procedures used in baseline processing
are manufacturer-dependent. Certain computational items
within the baseline output are common among manufac-
turers and may be used to evaluate the adequacy of the
baseline observation in the field. A list of the triple dif-
ference, float double difference, and fixed double differ-
ence vectors (dx-dy-dz) are normally listed. The geodetic
azimuth and distance between the two stations are also
listed. The RMS is a quality factor that helps the user
determine which vector solution (triple, float, or fixed) to
use in an adjustment. The RMS is dependent on the
baseline length and the length of time the baseline was
observed. Table 10-1 provides guidelines for determining
the baseline quality. If the fixed solution meets the
criteria in this table, the fixed vector should be used in the
adjustment. In some cases the vector passes the RMS
test, but after adjustment the vector does not fit into the
network. If this occurs, the surveyor should try using the
float vector in the adjustments or check to make sure
stations were occupied correctly.

b. The first step in data processing is transferring the
observation data to a storage device for archiving and/or
further processing. Examples of storage devices include a
hard disc drive, 5.25-in. disc, 3.5-in. disc, magnetic tape,
etc.

c. Once observation data have been downloaded,
preprocessing of data can be completed. Pre-processing
consists of smoothing/editing the data and ephemeris
determination. Smoothing and editing are done to ensure
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Table 10-1
Post-processing Criteria

RMS Criteria Formulation
Distance Between (d = distance between Formulated RMS Formulated RMS
Receivers, km receivers) Range, cycles Range, m

0 - 10 ≤(0.02 + (0.004*d)) 0.02 - 0.06 0.004 - 0.012

10 - 20 ≤(0.03 + (0.003*d)) 0.06 - 0.09 0.012 - 0.018

20 - 30 ≤(0.04 + (0.0025*d)) 0.09 - 0.115 0.018 - 0.023

30 - 40 ≤(0.04 + (0.0025*d)) 0.115 - 0.14 0.023 - 0.027

40 - 60 ≤(0.08 + (0.0015*d)) 0.14 - 0.17 0.027 - 0.032

60 - 100 ≤0.17 0.17 0.032

> 100 ≤0.20 0.20 0.04

Note:

1. These are only general post-processing criteria that may be superseded by GPS receiver/software manufacturer guidelines; consult
those guidelines when appropriate.

2. For lines longer than 50 km, dual frequency GPS receivers are recommended to meet these criteria.

data quantity and quality. Activities done during smooth-
ing and editing include determination and elimination of
cycle slips; editing gaps in information; and differencing
between receivers, satellites, and epochs.

d. Retrieval of post-processed ephemerides may be
required depending on the type of receiver used for the
survey. Codeless receivers require a post-processed ephe-
merides file, either that recorded by another GPS receiver
concurrent with conduct of the survey or post-processed
ephemerides provided by an ephemeris service. Code
receivers do not require post-processed ephemerides since
they automatically record the broadcast ephemerides dur-
ing conduct of the survey.

10-7. Post-processing Criteria

Generally, post-processing software will give three solu-
tions: a triple difference, a double-difference fixed solu-
tion, and a double-difference float solution. In addition to
RDOP as a measurement of the quality of data reduction,
methods exist today to gauge the success of an observa-
tion session based on data processing done by a differenc-
ing process.

a. RMS. RMS is a measurement (in units of cycles
or meters) of the quality of the observation data collected
during a point in time. RMS is dependent on line length,
observation strength, ionosphere, troposphere, and multi-
path. In general, the longer the line and the more signal
interference by other electronic gear, ionosphere, tropo-
sphere, and multipath, the higher the RMS will be. A
good RMS factor (one that is low, e.g., between 0.01 and

0.2 cycles) may not always indicate good results but is
one indication to be taken into account. RMS can gener-
ally be used to judge the quality of the data used in the
post-processing and the quality of the post-processed
baseline vector.

b. Repeatability. Redundant lines should agree to
the level of accuracy that GPS is capable of measuring to.
For example, if GPS can measure a 10-km baseline to
1 cm + 1 ppm, the expected ratio of misclosure would be

0.01 m + 0.01m = 1:500,000
10,000

Repeated baselines should be near the corresponding

1 cm + 1 ppm
baseline

ratio. See Table 10-2 for an example of repeatability of
GPS baselines.

c. Other general information included in a baseline
solution.

(1) The following information is typically output
from a baseline solution:

(a) Listing of the filename.

(b) Types of solutions (single, double, or triple
difference).
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Table 10-2
Example of Repeatability of GPS Baselines

Baseline X Y Z Distance

Line 1 5,000.214 4,000.000 7,680.500 9,999.611

Line 2 5,000.215 4,000.005 7,680.491 9,999.607

Difference 0.001 0.005 0.009

Ratio = 0.010 / 9,999.6 = 1:967,000

(c) Satellite availability during the survey for each
station occupied.

(d) Ephemeris file used for the solution formulation.

(e) Type of satellite selection (manual or automatic).

(f) Elevation mask.

(g) Minimum number of satellites used.

(h) Meteorological data (pressure, temperature,
humidity).

(i) Session time (date, time).

(j) Data logging time (start, stop).

(k) Station information: location (latitude, longitude,
height), receiver serial number used, antenna serial num-
ber used, ID numbers, antenna height.

(l) RMS.

(m) Solution files: ∆x, ∆y, ∆z between stations, slope
distance between stations,∆latitude, ∆longitude between
stations, distance between stations, and∆height.

(n) Epoch intervals.

(o) Number of epochs.

(2) Sample static baseline formulations from two
equipment manufacturers, Ashtech, Inc., (GPPS) and
Trimble Navigation (GPSurvey), are shown in Fig-
ures 10-4 and 10-5, respectively. The baseline formula-
tions have been annotated with the conventions in (a)-(o)
above as an aid in an explanation of the results.

10-8. Field/Office Loop Closure Checks

Post-processing criteria are aimed at an evaluation of a
single baseline. In order to verify the adequacy of a

group of connected baselines, one must perform a loop
closure on the baselines formulated. When GPS baseline
traverses or loops are formed, their linear (internal)
closure should be determined in the field. If job require-
ments are less than Third-Order (1:10,000 or 1:5,000),
and the internal loop/traverse closures are very small, a
formal (external) adjustment may not be warranted.

a. Loop closure software packages.The internal
closure determines the consistency of the GPS measure-
ments. Internal closures are applicable for loop traverses
and GPS networks. It is required that one baseline in the
loop be independent. An independent baseline is
observed during a different session or different day.
Today, many of the better post-processing software pack-
ages come with a loop closure program. Refer to the
individual manufacturer post-processing user manuals for
a discussion on the particulars of the loop closure pro-
gram included with the user hardware.

b. General loop closure procedure.If the user post-
processing software package does not contain a loop
closure program, the user can perform a loop closure as
shown below.

(1) List the ∆x, ∆y, and ∆z and length of the base-
line being used in a table of the form shown in
Table 10-3.

(2) Sum the∆x, ∆y, ∆z, and distance components for
all baselines used in the loop closure. For instance, for
the baselines in Table 10-3, the summation would beΣ∆x,
Σ∆y, Σ∆z, and ΣDistancesor (∆x#1 + ∆x#2 + ∆x#3),
(∆y#1 + ∆y#2 + ∆y#3), (∆z#1 + ∆z#2 + ∆z#3), and
(∆Distance#1 + ∆Distance#2 + ∆Distance#3),
respectively.

(3) Once summation of the∆x, ∆y, ∆z, and ∆Dis-
tancecomponents has been completed, the square of each
of the summations should be added together and the
square root of this sum then taken. This resultant value is
the misclosure vector for the loop. This relationship can
be expressed in the following manner:
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Figure 10-4. Sample static baseline formulation (Ashtech, Inc., GPPS-L) (Sheet 1 of 5)
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Figure 10-4. (Sheet 2 of 5)
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Figure 10-4. (Sheet 3 of 5)
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Figure 10-4. (Sheet 4 of 5)
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Figure 10-4. (Sheet 5 of 5)
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Figure 10-5. Sample static baseline formulation (Trimble Navigation (GP Survey) (Sheet 1 of 3)
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Figure 10-5. (Sheet 2 of 3)
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Figure 10-5. (Sheet 3 of 3)
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Table 10-3
Loop Closure Procedure

Julian
Baseline Day Session ∆x ∆y ∆z ∆Distance

#1 Day # ∆x #1 ∆y #1 ∆z #1 Distance #1

#2 Day # ∆x #2 ∆y #2 ∆z #2 Distance #2

#3 Day # ∆x #3 ∆y #3 ∆z #3 Distance #3

(10-1)
m (Σ∆x2) (Σ∆y2) (Σ∆z2)

where

m = misclosure for the loop

Σ∆x = sum of all∆x vectors for baselines used

Σ∆y = sum of all∆y vectors for baselines used

Σ∆z = sum of all∆z vectors for baselines used

(4) The loop misclosure ratio may be calculated as
follows:

(10-2)Loop misclosure ratio
m
L

where

L = total loop distance (perimeter distance)

(5) The resultant value can be expressed in the fol-
lowing form:

1: Loop Misclosure Ratio

with all units for the expressions being in terms of the
units used in the baseline formulations (e.g., m, ft, mm,
etc.).

c. Sample loop closure computation. Figure 10-6
shows two loops which consist of four stations. During
session A on day 065, three GPS receivers observed the
baselines between stations 01, 02, and 03 for approxi-
mately 1 hr. The receivers were then turned off and the
receiver at station 01 was moved to station 04. The tri-
pod heights at stations 02 and 03 were adjusted. The
baselines between stations 02, 03, and 04 were then
observed during session B, day 065. Stations 01 and 04

Figure 10-6. Internal loop closure diagram

were known control stations. This provided an indepen-
dent baseline for both loops.

(1) The closure for loop 01-02-03 is computed with
the vectors 01-02 and 01-03, day 065, session A, and the
vector 02-03, day 065, session B. The vector 02-03 from
session B provides an independent baseline. The loop
closure is determined by arbitrarily assigning coordinate
values of zero to station 01 (X=0, Y=0, Z=0). The vector
from 01-02 is added to the coordinates of station 01. The
vector from 02-03, session B, is added to the derived
coordinates of station 02. The vector from 03-01 is then
added to the station coordinates of 02. Since the starting
coordinates of station 01 were arbitrarily chosen as zero,
the misclosure is then the computed coordinates of Sta-
tion 04 (dx, dy, dz). The vector data are listed in
Table 10-4.

(2) To determine the relative loop closure, the square
root of the sum of the squares of the loop misclosures
(mx, my, mz) is divided into the perimeter length of the
loop:
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Table 10-4
Vector Data for Stations 01, 02, and 03

Julian
Baseline Day Session ∆X ∆Y ∆Z ∆Distance

01-02 065 A -4077.865 -2877.121 -6919.829 8531.759

02-03 065 B 7855.762 -3129.673 688.280 8484.196

03-01 065 A -3777.910 6006.820 6231.547 9443.869

(10-3)Loop misclosure ratio ∆x2 ∆y2 ∆z2
0.5

L

Where the PD = distance 01-02 + distance 02-03 + dis-
tance 03-01, or:

PD = 8531.759 + 8484.196 + 9443.869

= 26,459.82

And where distance 03-01 is computed from:

(-3777.912 + 6006.8202 + 6231.5472)0.5

= 9443.869

(Other distances are similarly computed.)

Summing the misclosures in each coordinate:

∆x = -4077.865 + 7855.762 - 3777.910 = -0.0135

∆y = -2877.121 - 3129.673 + 6006.820 = +0.0264

∆z = -6919.829 + 688.280 + 6231.547 = -0.0021

then

(∆x2 + ∆y2 + ∆z2)0.5 = 0.029

Loop misclosure ratio= 0.029/26,459.82

or (approximately) 1 part in 912,000 (1:912,000)

(3) This example is quite simplified; however, it
illustrates the necessary mechanics in determining internal
loop closures. The valuesDX, DY, andDZ are present in
the baseline output files. The perimeter distance is com-
puted by adding the distances between each point in the
loop.

d. External closures. External closures are com-
puted in a similar manner to internal loops. External

closures provide information on how well the GPS meas-
urements conform to the local coordinate system. Before
the closure of each traverse is computed, the latitude,
longitude, and ellipsoid height must be converted to geo-
centric coordinates (X,Y,Z), using the algorithms given in
Chapter 11. If the ellipsoid height is not known, geoid
modeling software can be used with the orthometric
height to get an approximate ellipsoid height. The exter-
nal closure will aid the surveyor in determining the
quality of the known control and how well the GPS meas-
urements conform to the local network. If the control sta-
tions are not of equal precision, the external closures will
usually reflect the lower order station. If the internal clo-
sure meets the requirements of the job, but the external
closure is poor, the surveyor should suspect that the
known control is deficient and an additional known con-
trol point should be tied into the system.

10-9. Data Management (Archival)

The raw data are defined as data recorded during the
observation period. Raw data shall be stored on an
appropriate medium (floppy disk, portable hard drive,
magnetic tape, etc.). The raw data and the hard copy of
the baseline reduction (resultant baseline formulations)
shall be stored at the discretion of each USACE
Command.

10-10. Flow Diagram

When processing GPS observational data, the progress
should generally follow the path shown in Figure 10-7.

Figure 10-7. GPS data processing flowchart
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